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~,bstract Uptake of host transferrin (Tf) in Trypanosoma 
I,rucei s mediated by a heterodimeric, glycosyl-phosphatidylino- 
~itol-anchored receptor. After endocytosis, Tf is delivered to 
lysosomes where it is proteolytically degraded. So far, the 
-equence of events leading to ligand dissociation and degradation 
is undefined. We now show by Triton X-114 phase separation 
I hat iron-free Tf (apo-Tf) dissociates from the receptor at pH 
5.0. The low affinity of apo-Tf for its receptor at pH 5.0 is 
confirmed by an apparent dissociation constant of 1.1 pM. The 
implications of this result on the mechanism of intracellular 
Fwocessing of Tf in trypanosomes are discussed. 
~2ey words." Transferrin receptor; Transferrin; 
erypanosoma brucei 
• Introduction 
The transferrin receptor (TfR) of Trypanosoma brucei dif- 
ers in primary structure, subunit organisation and mode of 
nembrane anchorage from the mammalian TfR. The trypa- 
losome TfR is a heterodimeric complex of very low abun- 
lance (about 3000 molecules/cell) encoded by two expression 
rite-associated genes (ESAGs), ESAG6 and ESAG7 [1-5]. The 
ESAG6 product (pESAG6) is a heterogeneously glycosylated 
9rotein of 50-60 kDa modified by a glycosyl-phosphatidyl- 
nositol membrane anchor, while the ESAG7 product (pE- 
gAG7) is a 42 kDa glycoprotein carrying an unmodified 
COOH-terminus [1]. Binding of one molecule of transferrin 
Tf) [2] requires association of both pESAG6 and pESAG7 as 
~hown by coexpression i  heterologous systems [3-5]. Despite 
:he profound difference in receptor structure, the apparent 
tissociation constant (Kd) for iron-loaded Tf (holo-Tf) is of 
::he same order of magnitude for both the trypanosome TfR 
3.6-108 nM [2]) and the mammalian TfR (2-110 nM [6,7]). 
Fhe fate of Tf differs, however, in mammalian cells and try- 
3anosomes. In mammalian cells, the Tf-TfR complex is trans- 
ported to endosomes where Tf releases its iron. The iron-free 
l'f (apo-Tf) remains bound to its receptor and is recycled back 
~.o the cell surface where it dissociates from the receptor [6,8]. 
In contrast, Tf is delivered in trypanosomes to lysosomes 
~vhere it is proteolytically degraded [2,9]. While the degrada- 
tion products are released from the cells, iron remains cell 
associated [2]. As the sequence of events leading to ligand 
clissociation and degradation in T. brucei is undefined, we 
have studied the affinity of Tf for the trypanosome TfR at 
different pH values by Triton X-114 phase separation [10] and 
by determination of Ka values using membranes of trypano- 
somes. The results allow us to explain the intracellular proces- 
sing of Tf in trypanosomes as compared to that of mamma- 
lian cells. 
2. Materials and methods 
2.1. Reagents 
Bovine holo-transferrin (bolo-Tf), N-dodecyl-N,N-dimethyl-3-am- 
monio-l-propanesulfonate (l uryl sulfobetaine) and p-chloromercuri- 
benzenesulfonic acid (PCMBS) were purchased from Sigma, Deisen- 
hofen, Germany; Triton X-114 from Serva, Heidelberg, Germany; 
and sodium boro[aH]hydride (31 Ci/mmol) from Amersham, 
Braunschweig, Germany. 
2.2. Trypanosomes 
Variant clone MITat 1.4 of 72 brucei strain 427 (l17a [11]) was 
grown in NMRI mice and purified from blood by DEAE-cellulose 
chromatography [12]. 
2.3. lmmobilisation a d radioactive labeling of Tf 
Holo-Tf was labeled with 3H by reductive methylation using so- 
dium boro[3H]hydride as described previously [2]. Tf-Sepharose was 
prepared by coupling holo-Tf to CNBr-activated Sepharose 4B (Phar- 
macia, Freiburg, Germany) as described by the manufacturer. 
2.4. Purification of trypanosome TfR and Triton X-l14 phase 
separation 
Trypanosomes (109/ml) were lysed by sonication in lysis buffer (50 
mM HEPES, pH 7.0, 2.5 mM EDTA, 2 mM EGTA, 200 gM TLCK, 
400 /aM PMSF, 10 gM leupeptin, 2 /aM E-64, 1 laM pepstatin A) 
containing 10 mM PCMBS and 2% lauryl sulfobetaine in order to 
inhibit cleavage of glycosyl-phosphatidylinositol membrane anchors 
by the endogenous phospholipase C [1], After centrifugation at 
ll4000Xg for 1 h, TfR was precipitated from the supernatant with 
holo-Tf-Sepharose (25/.tl of beads/109 cell equivalents) at4°C by end- 
over-end rotation for at least 12 h. The beads were washed five times 
with PBS (137 mM NaCI, 2.7 mM KCI, 8 mM Na~HPO4, 1.4 mM 
KH2PO4, pH 7.2) containing 0.2% Triton X-100 and the TfR was 
eluted from the Tf-Sepharose by shaking for 15 rain at room tem- 
perature with 50 mM glycine, 150 mM NaC1, 0.2% Triton X-100, pH 
2.7. The acidic eluate was immediately neutralised with 1 M Tris-HC1, 
pH 8.0 and incubated on ice for 1 h with excess holo-aH-Tf in the 
presence of a 0.1 volume of 12% Triton X-114 (precondensed accord- 
ing to [10]). Temperature-induced phase separation [10] was per- 
formed by heating to 37°C for 30 min. After centrifugation for 5 
min at 14000xg, the aqueous phase was discarded and the deter- 
gent-rich phase was washed once with prewarmed PBS. The deter- 
gent-rich phase was then adjusted to the original volume with (i) 
PBS, pH 7.2, (ii) 100 mM citrate, pH 5.0 or (iii) PBS, pH 5.0, and 
incubated on ice for 1 h. After heating to 37°C, the aqueous phase 
was removed and the detergent-rich phase was again adjusted to the 
original volume with the corresponding buffer. After a 1 h incubation, 
phase separation was induced again. Background values were deter- 
mined by performing all Triton X-114 phase separation steps de- 
scribed above with radiolabeled Tf in the absence of TfR. Finally, 
the combined aqueous and detergent-rich p ases were analysed by 
immunoblotting or processed for liquid scintillation counting. 
2.5. Binding assays 
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somes prepared by lysis of cells in lysis buffer on ice in the presence of
10 mM PCMBS with occasional shaking until no intact cells could be 
observed microscopically [2]. After centrifugation for 10 rain at 
14000×g, the membrane pellet was washed twice with ice-cold 50 
mM glycine, 150 mM NaCI, pH 3.5 and resuspended in 100 mM 
citrate, pH 5.0 or PBS, pH 5.0 by Dounce homogenisation. Mem- 
branes (1.5 x 10s-109 cell equivalents/ml) were incubated with varying 
amounts of holo-3H-Tf in the presence of 1 mg/ml fish gelatin by end- 
over-end rotation at room temperature for 1 h. After centrifugation 
for 5 rain at 14 000 × g, the membrane pellets were washed once with 
1 ml ice-cold PBS. Then, the pellets were dissolved in 0.2 ml 2% SDS 
by heating to 100°C and the tubes were rinsed once with 0.1 ml 2% 
SDS. Non-specific binding was determined in the presence of a 100- 
fold excess of unlabeled holo-Tf. The bound radioactivity was deter- 
mined by liquid scintillation counting in 4 ml Rotiszint 22 (Roth, 
Karlsruhe, Germany). 
3. Results 
In order to study the dissociation of Tf from the trypano- 
some TfR at different pH values we subjected the ternary 
complex to Triton X-114 phase separation [10] and analysed 
the distribution of the amphiphilic form of the receptor and 
its ligand in the resulting detergent-rich and aqueous phases. 
The receptor was first purified under conditions where the 
endogenous phospholipase C was inhibited [1] and then satu- 
rated with its ligand by incubation with excess radiolabeled 
holo-Tf. After removing unbound Tf by Triton X-114 phase 
separation, the detergent-rich p ase was mixed with (i) PBS, 
pH 7.2, (ii) citrate buffer, pH 5.0 or (iii) PBS, pH 5.0. Subse- 
quently, a phase separation was induced again and the ob- 
tained phases were analysed by counting radioactivity or im- 
munoblotting. At pH 7.2 in PBS, the ternary complex 
partitioned into the detergent-rich phase as most of the Tf 
(89%; Fig. la) and the amphiphilic TfR (Fig. lb, compare 
lanes 1 and 2) were found in this phase. In citrate buffer at 
pH 5.0, nearly all Tf (96%) was associated with the aqueous 
phase (Fig. la) while again the receptor partitioned into the 
detergent-rich phase (Fig. l b, compare lanes 3 and 4). As 
incubation of holo-Tf at pH 5.0 in the presence of citrate 
leads to liberation of iron [13,14], the above result suggests 
that Tf in its iron-free form (apo-Tf) dissociates from the 
receptor at this pH. In contrast, when the incubation was 
performed in PBS at pH 5.0, half of the Tf (51%) was asso- 
ciated with the detergent-rich and half (49%) with the aqueous 
phase (Fig. la) indicating that in the absence of citrate Tf 
releases less of its bound iron. 
The above results suggest that apo-Tf has a low and holo- 
Tf a high affinity for its receptor at pH 5.0. Binding experi- 
ments of radiolabeled Tf to TfR in membranes from trypano- 
somes at pH 5.0 in citrate buffer or PBS showed this directly. 
Scatchard analysis of the binding data revealed 2400 binding 
sites for apo-Tf per cell and an apparent Kd value of 1.1 ~M 
(Fig. 2a; citrate, pH 5.0) while 2300 binding sites and a K~] 
value of 12 nM were found for holo-Tf (Fig. 2b; PBS, pH 
5.0). These Kd values are about 300- and 3-fold higher than 
recently reported for holo-Tf at pH 7.2, respectively (3.6 nM 
[2]). It should be noted that the ionic strength of the citrate 
buffer and PBS at pH 5.0 is similar (220 mM and 150 mM, 
respectively). The number of Tf binding sites present in the 
membrane preparations atpH 5.0 was identical to the number 
previously reported for this variant clone at pH 7.2 (2200 [2]) 
indicating that the same receptor was studied under all con- 
ditions. 
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Fig. 1. Partition of Tf (a) and trypanosome TfR (b) into aqueous 
and detergent-rich p ases after Triton X-114 phase separation. Try- 
panosome TfR, purified in the presence of PCMBS and lauryl sulfo- 
betaine in order to inhibit the endogenous phospholipase C, was 
saturated with holo-3H-Tf and the resulting ternary complex sub- 
jected to a Triton X-114 phase separation i the buffer as indicated. 
(a) Percentage of radioactivity associated with the aqueous (aq.) and 
detergent-rich (det.) phases. Background values determined by Tri- 
ton X-114 phase separation with 3H-Tf in the absence of TfR (see 
Section 2) have been subtracted. (b) Detection of trypanosome TfR 
(pESAG6 and pESAG7) in the aqueous (aq.) and detergent-rich 
(det.) phases. Shown is an immunoblot probed with anti-trypano- 
some TfR antibodies [2]. The molecular size of standard proteins in 
kDa is indicated. 
4. Discussion 
Previously it was shown by elution experiments using im- 
mobilised Tf that ternary complexes of trypanosome TfR with 
either holo-Tf or apo-Tf are stable at pH 5.0 [2]. In that 
approach, however, Tf was in large excess which may have 
shifted the equilibrium of complex formation in favour of the 
ternary complex. By using Triton X-114 phase separation we 
now demonstrate hat the trypanosome TfR exhibits a low 
affinity for apo-Tf at pH 5.0. Furthermore, Scatchard analysis 
of binding data obtained with radiolabeled Tf and membranes 
of T. brucei at this pH revealed a high Kd value (1.1 ~tM) 
confirming the low affinity of the trypanosome TfR to its 
iron-free ligand at pH 5.0. In contrast, the mammalian TfR 
shows a high affinity for apo-Tf at this pH (Kd = 13 21 nM 
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~ig. 2. Scatchard analysis of binding of apo-3H-Tf (a) and holo-3H -
rf (b) to membranes of T. brucei clone MITat 1.4 at pH 5.0. Bind- 
ng assays were performed with (a) 10 ~ cells in citrate buffer and (b) 
1.5x 10 s cells in PBS as described in Section 2. 
16,8]). For holo-Tf at pH 5.0, the Kd value for trypanosome 
FfR (12 nM) is similar to the value found for holo-Tf and 
mammalian TfR (13 nM [8]). 
The different affinities of the trypanosome and mammalian 
FfR to apo-Tf at pH 5.0 explains the different fate of Tf in 
both types of cells. In mammalian cells, the receptor-ligand 
complex is delivered to endosomes where the low pH triggers 
the release of iron from Tf. Apo-Tf remains tightly bound to 
~ts receptor and is recycled to the cell surface to mediate 
further cycles of iron uptake [6,8]• Presumably also in trypa- 
nosomes the receptor-ligand complex is delivered to an endo- 
somal system like other internalised macromolecules [15-17]. 
The acidic environment of this compartment certainly leads to 
liberation of iron from Tf and, because of the low affinity of 
the resulting apo-Tf for its receptor (see Figs. 1 and 2a), sub- 
sequently to dissociation of the complex• While Tf is trans- 
ported to lysosomes where it is proteolytically digested [2,9], 
the unoccupied receptor is recycled as internalisation and de- 
gradation of ligand exceeds the total receptor content [2]. This 
mechanism, which resembles the uptake of low density lipo- 
proteins and asialoglycoproteins by their specific receptors in 
mammalian cells [18,19], is more reasonable than the previous 
suggestion that metabolically stable trypanosome TfR accom- 
panies its ligand to lysosomes [2]. 
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